PERSPECTIVE
The problem of delayed nerve repair: changes occurring in chronically denervated distal nerve stump. Despite the PNS has some ability to regenerate injured axons, the repair is often slow and insufficient, especially when the nerve injury is very proximal (close to the spinal cord) or when the nerve repair is delayed in time.
In clinic, indeed, primary nerve reconstruction is not always possible, especially when other major injuries are concomitant to nerve damage: in these cases a secondary operation is needed to repair the nerve, increasing the delay between nerve injury and repair. Also, if the nerve injury is far from the target organs, axons must regenerate over long distances, increasing the time for nerve regeneration and target reinnervation.
In both cases, the distal nerve stump undergo long-term degeneration and SCs, together with target organs (skeletal muscle and sense organs), remain denervated for a long period (Sulaiman and Gordon, 2013) , leading to unsatisfactory functional recovery. This poor outcome can be ascribed to many factors, but recent studies provide evidence that the progressive loss of the SC capability to support regeneration in a long-term degenerated nerve plays the predominant role in the reduced recovery after delayed nerve repair (Sulaiman and Gordon, 2013; Ronchi et al., 2017) .
Chronically denervated distal nerve stump undergoes many changes, both morphological and biomolecular.
From a morphological point of view, after long-term denervation (starting from 3 months after axotomy), neither myelinated nor unmyelinated fibers are detectable in the nerve distal stump, and axonal and myelin debris have already been cleared. The chronically denervated nerve is colonized only by atrophic SC and fibroblasts cell-like, together with empty endoneurial tubes (the basal laminae of Schwann cells), which progressively shrink and decrease in diameter (Ronchi et al., 2017) .
To give a neurobiological explanation for the poor functional outcome occurring after delayed nerve repair, different studies have focused on the molecular changes in the chronically denervated distal nerve stump. The regeneration-associated genes (α1-tubulin, actin and GAP-43, the increased expression of which immediately after injury is associated with axonal regeneration), show a progressive down-regulation in axotomized motorneurons which lasts also after 6-months (Gordon and Tetzlaff, 2015) . Also ciliary neurotrophic factor (whose expression usually decreases after nerve injury and remains low unless the axons begin to regrow) and the transcription factor c-Jun (that is up-regulated after injury and controls many aspects of Wallerian degeneration) level expression are drastically reduced following long-term degeneration (Sendtner et al., 1992; Jessen and Mirsky, 2016) . On the contrary, the neurotrophic factors brain-derived neurotrophic factor and glial cell-derived neurotrophic factor mRNA levels (whose expressions are already up-regulated early after injury) are still elevated at least 6 months after injury, whereas nerve growth factor (that increases after nerve injury) and neurotrophin-3 (whose expression decreases early after injury, returning to normal levels by 1-2 weeks) are present in control levels (Michalski et al., 2008) .
Moreover, recent results show a down-regulation of the SCs markers S100 and GFAP (whose expression is up-regulated early after injury) mRNA expression and a strong up-regulation of p75 mRNA (which is already up-regulated early after injury) after longterm degeneration (Ronchi et al., 2017) . In the same experimental study, Ronchi et al. (2017) investigated the NRG1/ErbB gliotrophic system, because it is known to be strongly involved in nerve regeneration. They demonstrated that soluble NRG1 mRNA expression (whose expression is strongly up-regulated by SCs in response to acute injury), strongly decreases during chronic degeneration, starting 3 months after nerve axotomy (Ronchi et al., 2017) , and its down-regulation increases with time.
Inhibitory effect of chronically denervated SCs on nerve regeneration: Thanks to their plasticity, healthy SCs are essential for a successful nerve regeneration. Chronically denervated SCs are therefore a limiting factor for a positive outcome after nerve injury because they progressively undergo atrophy, down-regulate the expression of factors that permit nerve regeneration, and up-regulate the expression of molecules that inhibit axon regeneration (Hoke, 2011) . Recent studies have tried to understand how these changes occurring in chronically denervated SCs affect axonal regeneration, in order to find a therapeutic strategy to improve peripheral nerve regeneration after delayed nerve repair.
In an experimental model in which the chronically denervated common peroneal nerve was cross sutured to the freshly axotomized tibial nerve, it has been demonstrated that denervated SCs lost their ability to support regeneration and create an hostile environment that does not support regeneration (Fu and Gordon, 1995) . Moreover, following delayed nerve grafting, the number of regenerating motoneurons and myelinated axons decreases, together with SCs marker expression, with an increase in fibrosis and proteoglycan scar markers in the distal nerve. It has also been demonstrated a correlation between axonal outgrowth and the number of activating transcription factor 3 (ATF3) -stained neurons and www.nrronline.org SC after delayed nerve repair. Indeed, ATF3 expression, which increases early after injury, decreases in the regenerating distal nerve stump when the repair is delayed (Saito and Dahlin, 2008) .
In a recent study, in which Ronchi and co-workers used the surgical paradigm of the cross suture between the chronically denervated median nerve distal stump and the freshly axotomized ulnar nerve proximal stump, they also demonstrated that chronic degeneration of the distal nerve stump compromised nerve regeneration in terms of functional recovery and number and size of regenerated fibers. Indeed, they did not observe any functional recovery after delayed nerve repair, but they found regenerated myelinated fibers with a lower number and smaller size compared to the nerve immediately repaired. Intriguingly, they found that the number of SCs (in terms of ratio between myelinated fibers and SCs) is higher after delayed nerve repair compared to immediate repair and control nerve. This greater number of SCs could reflect a shorter internodal length, as showed by qualitative images represented in Figure 1 . Indeed, it has been already demonstrated that after regeneration internodes are shorter and there is an overproduction of Schwann cells followed by a decrease once nerve regeneration has occurred. Since shorter internodes reflect slower conduction velocity, this might explain the negative functional recovery in the delayed repair groups (Ronchi et al., 2017) .
Then, in the same study Ronchi and co-workers also analyzed the delayed nerve regeneration from a biomolecular point of view and they found that p75 was still up-regulated, whereas S100 mRNA expression was still strongly down-regulated compared with healthy control nerves, probably due to an impairment in SCs activities and characteristics. Finally, they showed that the soluble NRG1 is still strongly down-regulated after delayed regeneration (Ronchi et al., 2017) , in contrast with an immediate end-to-end repair in which soluble NRG1 expression level was similar to that observed in the healthy control nerve, suggesting that NRG1 could be one of the factors that limits nerve regeneration after delayed repair.
Conclusions:
In the last years many researchers have tried to understand what are the factors that limit the regeneration when the nerve repair is delayed in time. Several factors have been identified, and many of them seem to have an important role.
Among these factors, it has been identified the NRG1, because its expression (and therefore its effect on SCs activity) decreases during degeneration and remains low after delayed nerve regeneration. Recent results support the view that soluble NRG1 could be a promising candidate for future therapeutic strategies to improve peripheral nerve regeneration. Indeed, it can be hypothesized that by the manipulation of its expression (in particular by overexpressing NRG1 in chronically denervated distal nerve stump), the regeneration might improve. Future studies are necessary to demonstrate this hypothesis. 
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